Rationale: Cystic fibrosis, like primary ciliary dyskinesia, is an autosomal recessive disorder characterized by abnormal mucociliary clearance and obstructive lung disease. We hypothesized that genes underlying the development or function of cilia may modify lung disease severity in persons with cystic fibrosis.
Identification of genes and pathways that modify the clinical characteristics of Mendelian conditions can facilitate the development of new pharmaceuticals and treatment strategies (1, 2) . Cystic fibrosis (CF; [MIM:219700] ) is an autosomal recessive condition for which the genetic basis has been known for 25 years. The observation that there is wide interindividual variation in severity of lung disease in persons with the same cystic fibrosis transmembrane conductance regulator gene (CFTR) genotype (i.e., p.Phe508del homozygotes) has prompted an aggressive search for genetic and environmental modifiers that might point to novel treatment strategies. To this end, candidate gene analyses and genome-wide linkage and association studies have identified modifiers for severity of airway obstruction (e.g., TGFb-1, APIP) and infection with Pseudomonas aeruginosa (e.g., MBL2, SLC6A14, DCTN4, CAV2, TMC6) (3-7), both of which contribute to disease progression and early death. Nevertheless, it is suspected that many additional modifiers of CF-related lung disease remain to be discovered.
CF results from disrupted epithelial cell chloride and bicarbonate transport that alters the characteristics of exocrine gland secretions in multiple tissues (8) . This leads to abnormal lung host defenses and reduced mucociliary clearance (8) (9) (10) ) that cause chronic airway infection, inflammation, and injury (e.g., bronchiectasis [9, 10] ). Bronchiectasis and chronic airway inflammation/infection are hallmarks of several other conditions, including primary ciliary dyskinesia (PCD; [MIM:244400]), chronic bronchiectasis ([MIM:PS211400]), and chronic obstructive pulmonary disease (COPD; [MIM:606963] ). Chronic bronchiectasis and COPD are complex traits for which the genetic basis remains largely unknown. In contrast, PCD is a rare autosomal recessive disorder (11, 12) caused by mutations in any one of several genes that encode proteins involved in ciliary structure and function (13) . We hypothesized that genetic variants within cilia genes are associated with severity of lung disease in individuals with CF. To test this hypothesis, we used a phenotypic extreme versus population control study design (6) to test for associations between candidate genes encoding cilia proteins and both higher-and lower-than-expected lung function in persons with CF. Some of these results were reported previously in the form of an abstract (14) .
Methods Discovery Cohort
Cases were drawn from the EPIC (Early Pseudomonas Infection Control [15] ) Observational Study and the Genetic Modifier Study (16) , a member of the North American CF Gene Modifier Consortium. The phenotype assessed was SaKnorm, a measure of lung function based on forced expiratory volume in 1 second (FEV 1 ) adjusted for age, height, and sex among individuals with CF (17) and then further adjusted for mortality (18) . Subsets of these data were reported in a prior publication (7).
Principal components (PCs) were used to identify outliers and to adjust for population stratification and/or batch effects (see Written informed consent or assent was collected from all study participants for the use of their DNA and sequence data to be used in studies for the genetic risk of CF and for broad data sharing. The phenotype and exome sequence data have been described previously (6) and are available through dbGaP (database of Genotypes and Phenotypes), with the accession numbers summarized on the ESP website. Positions are given for the hg19/ GRCh37 reference build of the human genome. Variants were annotated using SeattleSeq build 8.00 to define gene sets, as well as the Variant Effect Predictor tool [18] and the ENCODE (Encyclopedia of DNA Elements) data in the University of California Santa Cruz Genome Browser for potential regulatory effects. These annotations included reference allele frequencies, predicted variant function, Genomic Evolutionary Rate Profiling (GERP) scores indicating variant conservation (21) , and combined annotation-dependent depletion (CADD [22] ), PolyPhen-2 (Polymorphism Phenotyping software tool [21] ), and SIFT (Sorting Tolerant from Intolerant algorithm [24] ) scores predicting variant deleteriousness. Variants with GERP scores greater than 3 were considered conserved, and variants with CADD phred-scaled scores greater than 15 were considered deleterious. Default qualitative variant classification was used for both PolyPhen-2 and SIFT. Additional details on the discovery cohort, inclusion criteria, and analyses performed are provided in the online supplement.
By-variant association testing was performed using adjusted SKAT-O (v0.81), including PC1 and PC2 as covariates. The candidate gene list consisted of 93 genes that either encode cilia proteins and/or were known to underlie PCD (see Table E1 in the ORIGINAL RESEARCH online supplement). We used two approaches to correct for multiple testing: a strict Bonferroni correction for the number of variants tested and a correction for the number of independent tests (25) . Linkage disequilibrium (LD) was measured using the r 2 statistic, calculated by PLINK v1.90 (26) using the entire ESP cohort. Odds ratios (ORs) for the additive effects of associated single-nucleotide polymorphism (SNP) alleles were estimated by logistic regression in PLINK v1.90, adjusting for PC1 and PC2.
Extension Cohorts
Adjusted SKAT-O was used to test for association between candidate variants and the extreme tertiles of FEV 1 percent predicted values after adjustment for PC1 and PC2 in the 338 persons with COPD in the Lung Health Study (LHS) with self-reported European ancestry and phenotype data, excluding those with reactive airways. We also tested for association between candidate variants and subphenotypes often observed in persons with CF (27, 28) and PCD (29) (30) (31) (32) (33) : chronic sinusitis, chronic bronchitis, and bronchiectasis. Illumina Human Core Exome Chip genotypes from 7,418 individuals from the Marshfield dataset (34) were available for testing using both the chi-square test and Fisher's exact test (35, 36) . One variant, rs17522489, was not observed and was instead represented by rs12032942, whose genotypes were highly correlated with rs17522489 in a reference dataset with European ancestry (r 2 = 0.94). Additional details on the extension cohorts, inclusion criteria, and analyses performed are provided in the online supplement.
Results

Discovery Analysis
Association testing was performed to compare the lower SaKnorm tertile and population controls for a total of 1,165 single-nucleotide variants (SNVs) passing inclusion criteria within 88 of 93 candidate genes. No variants passed all inclusion criteria in five candidate genes. Significant association was observed between two variants in DNAH14 (dynein axonemal heavy chain 14, rs3856154 and rs950210) and rs58824375 in DNAAF3 (dynein axonemal assembly factor 3) and the lower SaKnorm tertile after Bonferroni correction (Table 1 and Figure 2A) . A third variant in DNAH14 reached significance after correction for the number of independent tests (rs17522489) ( Table 1 ). The majority of test statistics followed expectation ( Figure E3 ), indicating well-controlled type I error. An excess of 2log 10 P values near zero was a consequence of comparing a small number of cases with a large number of controls and is expected in this situation.
rs58824375 in DNAAF3 has a minor allele frequency (MAF) near 2% in Europeans (EUR) in the 1000 Genomes Project (1KG) (37) and was at least twice as common among persons with CF within the lower tertile of SaKnorm than among the ESP control subjects ( Table 1 ). All three associated missense variants in DNAH14 are common, and both rs3856154 and rs17522489 are highly conserved. rs3856154 and rs950210 are in strong LD (r 2 = 0.88) in the discovery dataset, suggesting that their associations with the lower tertile of SaKnorm are not independent. None of the variants associated with the lower tertile of SaKnorm were flagged as deleterious or damaging by PolyPhen-2, SIFT, or CADD (Table 1) .
Association Figure 2B) . A third missense variant in DNAH14, rs115366080, was significantly associated with the upper tertile after correcting for the number of independent tests ( Table 2 ). The distribution of test statistics fit well with the expectation (Figure E4 ).
rs1192269 and rs28375417 are not in strong LD (r 2 = 0.23) in the discovery dataset, suggesting that they represent independent association signals. rs1192269 is a highly conserved missense variant in DNAH6 with MAF of 4% in the ESP control subjects, predicted to be probably damaging by PolyPhen-2, deleterious by SIFT, and deleterious by CADD (Table 2) . rs28375417 is a common missense variant 
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in DNAH6 that is not highly conserved or predicted to be deleterious ( Table 2) . The missense variant, rs115366080, in DNAH14 is twice as common in the upper SaKnorm tertile (MAF = 8%) as in the ESP control subjects or the 1KG EUR subjects (MAF = 4%) ( Table 2 ). rs115366080 is not highly conserved but is predicted to be deleterious by CADD alone (Table 2) . Persons with CF who were heterozygous for rs1192269
showed improved lung function relative to their peers ( Figure 3) . Discoveries made by an extreme phenotype versus control approach can be unduly affected by outliers or sampling bias (38) . Variation in causal CFTR genotype, if correlated with the variant being tested, could be the source of such a bias because CFTR genotype is also correlated with severity of lung disease (33) . To assess whether our tests were affected by this source of bias, we restricted cases to p.Phe508del homozygotes and reanalyzed each variant significantly associated with either the upper or lower SaKnorm tertile. Each association remained statistically significant (Tables 1 and 2 ). Moreover, the P values for several of the associations were smaller than with use of the entire discovery cohort. Variant rs1192269 is the DNAH6 variant most strongly associated with the upper tertile of SaKnorm (lung function based on forced expiratory volume in 1 s adjusted for age, height, and sex, then mortality among individuals affected by cystic fibrosis). The six patients described were selected to represent variations in SaKnorm among members of the upper tertile across cystic fibrosis transmembrane conductance regulator (CFTR) genotype backgrounds. The four subjects on the left are homozygous for the p.Phe508del CFTR allele, whereas the other two carry one p.Phe508del allele and a second CFTR variant with minimal CFTR function. All six subjects were classified as having CFTR risk group 1 genotypes, indicating defects in the synthesis of the fulllength protein. The median FEV 1 percentile from reference data is highlighted in blue, and the individual-specific best-fit line is highlighted in red. Over the course of a decade, these six subjects tracked near the 85th percentile of lung function relative to their peers with CF (17) .
ORIGINAL RESEARCH Vetting Study Design
We have previously used two different strategies to discover genetic modifiers of CF: extreme phenotypes (5) and extreme phenotype versus a population control (6) . The extreme phenotype approach has greater power with increasing sample size and effect size, whereas the extreme phenotype versus population control design has more power when the enrichment/depletion of a variant or variants in a given gene is observed in a single extreme of the phenotype (6) . We chose to use an extreme phenotype versus population control design based on an analysis that indicated greater power to detect a significant association than if we had used compared phenotypic extremes. Nevertheless, to determine whether we could replicate our findings using an extreme phenotype design, we performed a post hoc analysis comparing the lower versus upper SaKnorm tertiles. The directions of the effects of each SNV significantly associated with SaKnorm in the discovery phase were identical using an extreme phenotype analysis ( Table 3 ). The association between lower ("case") and upper ("control") tertiles was nominally significant for rs115366080, whereas most other variants trended toward significance with P values less than 0.1. These results are consistent with the power simulations. The association between tertiles of SaKnorm and DNAH14 and DNAH6 could be observed using an extreme phenotypes design, but the statistical tests were underpowered to find that signal statistically significant.
Extension to Related Airway Diseases
Four of the seven SNVs associated with lung function in the discovery analyses were associated with similar effects on a related airway disease in the extension datasets. In the LHS COPD cohort, rs17522489 in DNAH14 was significantly associated with the lower tertile of lung function after correction for multiple testing (P = 0.0083) ( Table 4) . rs58824375 could not be tested, because it failed to meet inclusion criteria.
A restricted phenome-wide association study analysis in the Marshfield dataset replicated the associations between variants in DNAH14 and lung function ( Figure 4 , Table 5 ). Specifically, rs115366080, the variant in DNAH14 associated with the upper SaKnorm tertile in CF, was nominally associated with protection from chronic bronchitis (OR, 0.60; chi-square P = 0.0294). rs3586154 and rs950210, both variants associated with the lower SaKnorm tertile in CF, were both nominally associated with increased risk of chronic sinusitis (OR, 1.09; chi-square P = 0.0276 and 0.0285, respectively), and association between increased risk of chronic bronchitis and a tagging variant for rs17522489 nearly reached nominal significance (OR, 1.2; P = 0.0537). These results suggest that the variants, genes, or pathways that influence lung function in CF may influence other airway phenotypes characterized by abnormal mucociliary clearance. Definition of abbreviations: ESP = National Heart, Lung, and Blood Institute "Grand Opportunity" Exome Sequencing Project; LHS = National Heart, Lung, and Blood Institute "Grand Opportunity" Lung Health Study; N = number of samples.
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Discussion
We identified significant associations between variants in both DNAH14 and DNAAF3 and poor lung function in persons with CF, as well as variants in both DNAH6 and DNAH14 and preserved lung function in persons with CF. Risk variants in DNAH14 associated with preserved versus poor lung function in DNAH14 localize to regions of the gene that encode different domains of the dynein heavy chain ( Figure 2C ). DNAH14 variants associated with poor lung function are clustered within the highly conserved region D6 of the dynein motor that has been directly implicated in force generation (39) . The DNAH14 variant associated with preserved lung function falls within the N-terminal region 2 that is part of the cargo-binding "tail" of dynein (40) (41) (42) . These observations suggest that variants associated with poor lung function may modify the force produced by respiratory cilia, whereas the variant associated with preserved lung function interferes with dynein subunits or cargo selection. Although rare variants in DNAAF3, DNAH6, and DNAH14 have been reported in patients with PCD, none of the variants associated with lung function in persons with CF cause PCD (20, 43, 44) . Cystic fibrosis is associated with abnormalities in lung defense that contribute to progressive obstructive lung disease and bronchiectasis (9) . Abnormalities in lung defense associated with CFTR dysfunction include inactivation of airway antimicrobial peptides by a more acidic airway surface liquid and alterations in mucociliary clearance (41, 45, 46) . We speculate that variants in motile cilia genes may further impair or augment mucociliary transport in patients with CF to affect lung disease severity. These findings further highlight the efforts to develop mucociliary clearance outcome measures and therapeutics to improve mucociliary transport in patients with CF (46).
Our results have prioritized specific proteins for functional studies exploring how abnormalities in axonemal heavy chains or axonemal assembly proteins affect Table 5 . The x-axis is the odds ratio, and the y-axis is the 2log 10 P value derived by Fisher's exact test. The red horizontal line represents a P value of 0.05, or nominal significance. Points are color coded by phenotype. Together with the overrepresentation of variation in CFTR and cilia genes among patients with pulmonary nontuberculous mycobacterial infection (50), these results continue to build the accumulation of evidence that variation in cilia genes contribute to numerous pulmonary and respiratory phenotypes. These discoveries are the direct result of selecting cases from phenotypic extremes while using a candidate gene approach to reduce the multiple testing burden. Six of the seven variants associated with lung function in this study exhibited the same direction of effect in a recent large-scale genome-wide association study analyzing SaKnorm as a quantitative trait (7); two of our SNPs associated with preserved lung function, rs1192269 in DNAH6 and rs115366080 in DNAH14, were also nominally significant (P , 0.05 [7] ). Our focus on extreme phenotypes strengthened the association signals for these SNPs, whereas the candidate gene approach reduced the significance threshold, permitting their discovery.
Identifying genetic modifiers of a monogenic condition can facilitate identification of novel biological pathways influencing disease pathogenesis and new therapeutic targets. We identified three genes associated with variation in lung function in persons with CF by interrogating variation in candidate genes in phenotypic extremes. Studies designed to identify additional genetic modifiers of CF using extreme phenotypes sampled from considerably larger sample sizes (e.g., phenotypes harmonized across different CF cohorts) are underway and should provide additional statistical power to detect variants influencing CF severity. n Author disclosures are available with the text of this article at www.atsjournals.org.
